To compare choroidal thickness measurements among normal eyes, eyes with normal tension glaucoma (NTG), and those with primary open-angle glaucoma (POAG), and to correlate choroidal thickness with demographic and clinical ocular parameters. METHODS. Choroidal thickness was measured with enhanced depth-imaging (EDI) optical coherence tomography (OCT) in one eye of 38 normal, 20 NTG, and 56 POAG subjects and compared among groups. The mean age was 69.3 Ϯ 13.6 years (60.1 Ϯ 13.4 years for normal subjects and 73.8 Ϯ 11.3 years for glaucoma subjects; P Ͻ 0.001). Measurements were made at the fovea and in the temporal and nasal choroid every 0.5 mm up to 3 mm away from the fovea. Univariate and multivariate linear regression analyses were performed to assess the association between choroidal thickness and demographic and ocular parameters. RESULTS. There were no differences in foveal, temporal, or nasal choroidal thickness between normal, NTG, and POAG subjects (all P Ͼ 0.05) after adjusting for age, axial length, and intraocular pressure. Similarly, glaucoma severity groups did not differ from each other in all choroidal thickness measurements (all P Ͼ 0.05). Age (␤ ϭ Ϫ1.78; P Ͻ 0.001) was the most significant factor associated with subfoveal choroidal thickness in the entire group, followed by axial length (␤ ϭ Ϫ11.8; P ϭ 0.002). CONCLUSIONS. Choroidal thickness does not differ among normal, NTG, and POAG subjects, suggesting a lack of relationship between choroidal thickness and glaucoma based on EDI OCT measurements. (Invest Ophthalmol Vis Sci. 2011;52:3430-3435) 
T he pathogenesis of glaucomatous optic neuropathy (GON) remains enigmatic despite being investigated for decades. Even more puzzling is the mechanism behind normal-tension glaucoma (NTG). Increased intraocular pressure (IOP) is the major risk factor for primary open-angle glaucoma (POAG) and the benefit of lowering IOP has been well documented. 1, 2 However, the concept of NTG, coupled with evidence that elevated IOP is not always associated with GON and that oftentimes GON progresses after lowering IOP, challenges the mechanical pathogenetic theory based on elevated IOP. This has led to the theory that, in addition to elevated IOP, other factors may play an important role in glaucoma pathogenesis. Particularly worthy of note is the vascular/hemodynamic theory that considers GON as an ischemic injury resulting from diminished blood supply after reduced ocular blood flow at the level of lamina cribrosa. [3] [4] [5] There has been increasing interest in investigating the role of the choroid in the pathogenesis of GON. Previous studies have found an association between GON and impaired choroidal circulation or blood flow to the ONH. 6 -8 In addition, a limited number of studies, mostly histologic, have investigated the association between glaucoma and choroidal thickness with inconsistent findings. 9 -13 High-frequency ultrasonography has been used to measure choroidal thickness in chick and primate eyes. 14, 15 However, concerns regarding the related high-energy dispersion make this technique unsafe for use on the human ocular posterior segment. Laser Doppler interferometry is another technique that has allowed measurement of axial length both in chicks and in humans and of choroidal thickness in chicks to be made more accurately than ultrasonography, 16 -18 but reports on such measurements of choroidal thickness in humans are unavailable. Partial coherence interferometry can also measure choroidal thickness in humans and animals, but its use is limited because of substantial intrasubject variability. 19 Optical frequency domain imaging (OFDI), also known as swept source OCT, has been shown to provide high-resolution images of the choroid, 20 but choroidal thickness has yet to be measured with this technique. In addition, OFDI has not been available for clinical use. Thus, despite considerable improvements in ocular posterior segment imaging, in vivo assessment of the choroid has remained difficult even with the advent of spectral domain (SD) OCT because of significant signal strength (SS) attenuation beyond the retinal pigment epithelium (RPE). 21, 22 Enhanced depthimaging (EDI) OCT is a new method that uses low SS and low resolution but increased depth on conventional SD-OCT to acquire detailed cross-sectional images of the choroid and to measure its thickness. 23, 24 Initial publications of EDI OCT measurements demonstrate the thickness of the choroid to be greatest either subfoveally or temporally with a significant reduction closer to the optic nerve. 23 The choroid also appears to get thinner with increasing age and axial length. 25 Spaide 26 recently defined a new clinical entity called age-related choroidal atrophy; interestingly, glaucoma was present in 6 of 17 (35.3%) of the patients. The purpose of our study was twofold: to compare choroidal thickness measured with EDI OCT in normal eyes, eyes with NTG, and those with POAG, and to determine the effect of age, sex, ethnicity, axial length, IOP, and glaucoma severity on choroidal thickness. 27 Other inclusion criteria for normal subjects were IOP Յ21 mm Hg and normal ophthalmoscopic appearance of the optic nerve (cup-to-disc ratio Ͻ0.5 in both eyes, cup-to disc ratio asymmetry Ͻ0.2, absence of hemorrhage, or localized or diffuse rim thinning). Normal subjects did not undergo VF testing. The study was approved by the Institutional Review Board (IRB) of the Human Subjects Research Office of the Miller School of Medicine, University of Miami, Miami, Florida, and written informed as well HIPAA consents were obtained from each participant. This study was conducted in accordance with the tenets of the Declaration of Helsinki.
SUBJECTS AND METHODS

Subjects
Image Acquisition and Processing
The same experienced operator (JTH) performed imaging on all subjects through dilated pupils with the same OCT instrument (Spectralis, software version 4.0; Heidelberg Engineering, Heidelberg, Germany). Spectralis OCT uses SD technology with an 870-nm wavelength superluminescent diode and performs 40,000 A-scans/s with an axial resolution of 7 m and transversal resolution of 14 m. All images were acquired using a single retinal thickness horizontal B-scan centered on the fovea (number of A-scans/B-scan, 1536; scan angle, 30°; scan length, 9 mm). The automatic real-time (100 frames) averaging mode was applied to maximize the signal-to-noise ratio and to ensure good quality images. To achieve good visualization of the choroid, EDI OCT was used as previously described by Spaide et al. 24 Briefly, after the patient's chin and forehead were correctly positioned, the instrument was pushed toward the eye while the patient maintained fixation on the internal fixation light until the retinal image was inverted near the top of the display window and the choroid, including the sclerochoroidal margin, was seen. Three consecutive scans were then acquired per eye. Image quality was judged based on signal-to-noise ratio, and only scans with signal-to-noise ratios Ն20 dB were saved and considered for analysis.
After all eyes were imaged, two readers (JCM, MRB) who were masked to the identity, diagnostic and other ocular parameters of the subjects used the manual segmentation function to delineate the boundaries of the choroid. The manual function was used because Spectralis OCT does not provide an algorithm for automatic segmentation of the choroid. One segmentation line was placed on the RPE/ Bruch's membrane interface, and another line was placed on the sclerochoroidal interface to represent the inner and outer boundaries of the choroid, respectively (Fig. 1) . The retinal thickness algorithm function was then used to automatically generate the thickness of the choroid at the fovea and every 0.5 mm up to 3 mm away from the fovea in the nasal and temporal sectors. The first reader repeated this procedure three times to generate measurements for intraobserver variability, and the second reader independently made one measurement on a different day. In addition to Spectralis OCT retinal imaging, all eyes underwent measurement of axial length (IOLMaster; Carl Zeiss Meditec, Dublin, CA).
Statistical Analysis
All data were analyzed with statistical analysis software (SPSS, version 18; SPSS Inc., Chicago, IL). Differences in thickness values between groups were analyzed for statistical significance with one-way analysis of variance. Univariate and multivariate linear regressions were used to assess the relation between choroidal thickness and age, IOP, axial length, VF mean deviation (MD), study eye, sex, ethnicity, diagnostic group (normal, NTG, POAG), and glaucoma severity. Specifically, these variables were initially fitted in a univariate model and then entered in a multivariate analysis to determine independence of effects. Mean choroidal thickness was regressed against age to verify the hypothesis that choroidal RNFL thickness varies as a function of age. Intraobserver and interobserver agreements were evaluated with intraclass correla-FIGURE 1. Illustrative scans from a 74-year-old normal subject (top) showing a thick choroid before and after manual segmentation (upper line, RPE/Bruch's membrane interface; lower line, sclerochoroidal interface), from another 72-year-old normal subject (middle) with a thin choroid, and a 79-year-old subject with moderate glaucoma (bottom). tion coefficient (ICC) and Pearson's correlation coefficient, respectively. For all analyses, P Ͻ 0.05 was considered statistically significant.
RESULTS
Demographic and Clinical Characteristics of Subjects
Of the 119 subjects who were enrolled initially, five (one with mild and four with severe POAG) were excluded from the final analysis because of poor image quality or inability of the investigator to clearly see the outer boundary of the choroid. Thus, 114 (38 normal, 20 NTG, and 56 POAG) subjects were included in the final analysis. Of 76 glaucoma subjects, 18 had undergone filtering surgery in the study eye, and 58 were taking topical IOP-lowering drugs. There were 53 men and 61 women, and 60 right and 54 left eyes. Distribution by ethnic origin was as follows: 38 subjects of Caucasian, 25 of African, 49 of Hispanic, and 2 of Asian descent. Among glaucoma subjects, 34 were mildly, 19 were moderately, and 23 were severely affected. The mean age was 60. 
Choroidal Thickness Measurements and Association with Demographic and Ocular Parameters
Choroidal thickness measurements at each location (fovea and extrafovea) significantly and positively correlated with measurements at all other locations (all P Ͻ 0.001). There were significant negative correlations between subfoveal choroidal thickness and age (r ϭ Ϫ0.31; P ϭ 0.001) and axial length (r ϭ Ϫ0.224; P ϭ 0.017; Fig. 2 ). Both age and axial length also correlated with nasal (r ϭ Ϫ0.252, P ϭ 0.007; r ϭ Ϫ0.33, P Ͻ 0.001, respectively) and temporal (r ϭ Ϫ0.276, P ϭ 0.003; r ϭ Ϫ0.279, P ϭ 0.003, respectively) choroidal thickness. IOP correlated with nasal choroid measurements only (all P Ͻ 0.05). These correlations were also run separately in normal (n ϭ 38) and glaucoma (n ϭ 76) subjects to determine whether the trend was the same. In normal subjects, all thickness measurements correlated with age (r ϭ Ϫ0.34 and P ϭ 0.026 for subfoveal; r ϭ Ϫ0.29 and P ϭ 0.037 for nasal; r ϭ Ϫ0.61 and P ϭ 0.003 for temporal; and r ϭ Ϫ0.51 and P ϭ 0.007 for average). Significant correlations were also found between axial length and both nasal (r ϭ Ϫ0.44, P ϭ 0.006) and average (r ϭ Ϫ0.354, P ϭ 0.029) choroidal thickness. None of the measurements correlated with IOP (all P Ͼ 0.05). In glaucoma subjects, in addition to age, subfoveal, nasal, temporal, and overall average choroidal thickness also significantly correlated with axial length. IOP correlated with thicknesses of the foveal (r ϭ Ϫ0.25, P ϭ 0.029) and nasal choroid (r ϭ Ϫ0.25, P ϭ 0.028) but not the temporal or average choroidal thickness. In the univariate analysis including age, sex, ethnicity, laterality, axial length, IOP, presence of glaucoma, normal or NTG or POAG, and severity of glaucoma as independent factors and subfoveal choroidal thickness as a dependent variable, significant negative associations were observed only for age (␤ ϭ Ϫ2.14, P Ͻ 0.001) and axial length (␤ ϭ Ϫ11.27, P ϭ 0.006). Age and axial length were also negatively associated with temporal choroidal thickness (␤ ϭ Ϫ1.80, P Ͻ 0.001 and ␤ ϭ Ϫ11.83, P ϭ 0.001, respectively), nasal choroidal thickness (␤ ϭ Ϫ1.63, P ϭ 0.001 and ␤ ϭ Ϫ14.14, P Ͻ 0.001, respectively), and average choroidal thickness (␤ ϭ Ϫ1.74, P Ͻ 0.001 and ␤ ϭ Ϫ13.01, P Ͻ 0.001, respectively).
When multivariate regression analysis was performed with the same dependent variables by using the forward method in the overall group of study participants (normal and glaucoma), age (␤ ϭ Ϫ1.87, P Ͻ 0.001) was the most significant predictor of subfoveal choroidal thickness, followed by axial length (␤ ϭ Ϫ11.80, P ϭ 0.002; Table 1 ). When these two variables were excluded from the model, no other variable showed a significant impact on subfoveal and overall average choroidal thickness. After excluding age, only axial length (␤ ϭ Ϫ0.37; P Ͻ FIGURE 2. Scatter plot of simple linear regression analysis between age and subfoveal (A), nasal (B), and temporal choroidal thickness (C) and between subfoveal choroidal thickness and axial length (D). 0.001) and IOP (␤ ϭ Ϫ0.21; P ϭ 0.022) were significant determinants of subfoveal choroidal thickness. In normal subjects, significant association was found between subfoveal choroidal thickness and age (␤ ϭ Ϫ1.45; P Ͻ 0.001). Neither ethnicity nor presence or absence of glaucoma had a significant effect on any of the measurements (all P Ͼ 0.05). In the glaucoma group, age and axial length were significant determinants of both subfoveal and average choroidal thickness. Table 2 presents age-, axial length-and IOP-adjusted general linear model average choroidal thickness values at the fovea and different locations from the fovea in the three groups of subjects. The comparison between normal and all glaucoma subjects (NTG and POAG) did not reveal any significant difference in subfoveal (214.68 m vs. 216.16 m; P ϭ 0.92), nasal (170.35 m vs. 174.07 m; P ϭ 0.77), and temporal (201.81 m vs. 212.77 m; P ϭ 0.37) choroidal thickness and all locations in the nasal and temporal choroid (all P Ͼ 0.05). The pooled within-group residual standard deviation was approximately 25-33 m. Similarly, no statistically significant differences were observed in choroidal thickness measurements between normal, NTG, and POAG subjects, although NTG subjects tended to have thicker choroids (all P Ͼ 0.05). A second set of models constructed without adjusting for IOP gave very similar results. The nasal choroid was significantly thinner than the subfoveal and the temporal choroid, and the subfoveal choroid was thicker than the temporal one, but the differences did not reach significance levels in normal or glaucoma subjects. There was a tendency toward thicker choroids in subjects with severe glaucoma than in normal subjects and those with mild glaucoma, but the differences between groups did not reach statistical significance (all P Ͼ 0.05; Table 3 , Fig. 3 ). No differences were observed in choroidal thickness measurements between ethnic groups (all P Ͼ 0.05). Intraobserver ICCs for foveal, nasal, and temporal choroidal thickness were all 0.99. Measurements from the two observers were highly correlated (r ϭ 0.93 for foveal, r ϭ 0.94 for nasal, and r ϭ 0.92 for temporal choroid; all P Ͻ 0.001).
Between-Groups Comparisons of Choroidal Thickness
DISCUSSION
The role of the choroid among the complex network of factors contributing to the pathogenesis of GON is incompletely understood. To contribute to the understanding of the relationship between the choroid and glaucoma, studies have been carried out to measure the thickness of the choroid in glaucomatous eyes using histopathologic or in vivo imaging techniques. The conflicting results of those studies, coupled with recent advances in imaging of the ocular posterior segment, particularly with the advent of SD-OCT, was the impetus for reassessing the relationship between choroidal thickness and glaucoma. In addition, though there are recent reports on choroidal thickness measured with SD-OCT in normal eyes, 23, 26, 28, 29 myopic eyes, 25, 30 and eyes with central serous chorioretinopathy, 31, 32 we were not aware of previous reports on such measurements in glaucomatous eyes at the time of this manuscript's preparation.
The main finding of the present study is the lack of a difference in choroidal thickness among normal eyes, eyes with NTG, and eyes with POAG. This finding is significant and may reflect a lack of association between glaucoma and choroidal thickness. On average, the sample standard deviations of choroidal thickness measurements were approximately Ϯ50 m in normal subjects and Ϯ60 m in glaucoma subjects, whereas confidence intervals around the differences between the two groups was approximately Ϯ30 m ( Table 2) . Therefore, whatever differences may exist between the groups are not large compared with the variability between measurements made on the subjects within each group. Previous studies have reported either increases or decreases in choroidal thickness in glaucomatous eyes. Cristini et al. 9 used echography and exploited the properties of radiofrequency to measure the choroidal thickness in 48 normal eyes and 21 eyes with OAG. They found a 20% significant increase in choroidal thickness in glaucomatous compared with normal eyes and speculated that this increase resulted from the swelling of blood vessels. However, they failed to further elaborate on the origin of the swelling because their glaucomatous eyes were all hypertensive at the time of the measurements, with IOPs ranging between 30 and 45 mm Hg. Choroidal thickness measured with ultrasound also showed a significant increase in another study of 22 glaucomatous eyes. 12 Spraul et al. 11 performed a detailed histopathologic study on morphometric changes in choroidal vessels in eyes with advanced glaucoma. In the glaucoma subjects, the choroidal thickness and the diameter of the largest choroidal arteries were significantly increased, whereas the increase in diameter of choroidal veins failed to reach a statistical significance level compared to normal eyes. Conversely, Yin et al. 13 found a decrease in choroidal thickness in glaucomatous eyes based on histologic observations of 25 glaucomatous and 18 normal eyes. In that study, glaucomatous eyes showed a thinner choroid that the authors attributed to a concomitant decrease in vessel density and shrinkage of choroidal Values are in micrometers. P 1 , P value between normal and all glaucomatous eyes; P 2 , P value between normal, NTG, and POAG eyes. 95% CI, 95% confidence interval.
* NTG and POAG combined. † Confidence intervals of the difference between normal and glaucomatous eyes. ‡ Pooled within-groups residual standard deviations.
vessel diameters. The discrepancies between postmortem studies may be methodological and ascribed to differences in tissue handling, examination, and classification techniques. The increase in choroidal thickness reported by older imaging techniques is likely due to inaccuracy of the measurements compared with newer techniques such as SD-OCT. Indeed, ultrasonography has an axial resolution of approximately 200 m with a limited penetration, resulting in poor resolution that makes it less suitable for morphologic tissue imaging. 33 The comparison between glaucoma groups in our cohort of patients unexpectedly showed that eyes with severe glaucoma tended to have thicker choroid than normal eyes and eyes with mild glaucoma. The reason for this is unknown, but Cristini et al. 34 hypothesized as follows: the reduction in the number of small choroidal vessels results in a decrease in blood flow and an increase in pressure within the remaining vessels, which, in turn, increases the IOP after vessel enlargement, 11 with the ultimate consequence being an increase in choroidal thickness. However, this theory does not explain the decrease in choroidal thickness despite reduced choroidal vessel diameters and delay in choroidal filling reported by Yin et al. 13 Central and peripheral choroid thicknesses are known to be uneven. We have found that the subfoveal choroid was thicker than the temporal and nasal choroid and that the temporal choroid was thicker than the nasal choroid in all three groups of subjects. In nonhuman primates, choroidal thickness is approximately 95 m at the fovea and 55 m in the periphery. 35 In chickens, these numbers are approximately 250 m and 100 m, respectively. 36 Although they are in agreement with some previous studies, 23, 28, 29 our observations differ from others that reported a thicker temporal choroid compared with the choroid at the fovea. 25, 30 The explanation for this difference may lie in the interindividual variability in choroidal thickness and thus in study populations.
The finding that choroidal thickness decreases as age increases and that age is the most influential factor in choroidal thinning is in agreement with previous histologic 13, 37 and in vivo imaging studies. 23, 25, 26, 28, 30 As a corollary of this observation, age is an important confounding factor that should be accounted for when interpreting the potential effect of a given pathology on choroidal thickness. Regression analyses indicated that subfoveal choroidal thickness decreased by 12.6 m and 16.3 m per decade of age in normal and glaucoma subjects, respectively. Other SD-OCT-based studies have reported decreases of 15.6 and 14 m in normal eyes 23, 28 and 12.7 m in myopic eyes. 25 A histologic study of 85 human eyes found a thinning rate of 11 m per decade. 37 The fact that choroidal thickness decays were comparable in normal and glaucoma subjects further supports the main finding of the present study, which is that choroidal thickness and glaucoma are not related.
Axial length was also a significant determinant of choroidal thickness in the present study; eyes with longer axial lengths had thinner choroids. Nemeth et al. 10 and Guthoff et al. 38 reported similar findings in their studies after measuring the thickness of the "posterior ocular coat" (i.e., retina through sclera without measurement of the choroid separately) using ultrasonography. This technique measured the thickness from the retina to the sclera rather than the choroid alone. Esmaeelpour et al. 39 recently measured choroidal thickness in healthy persons using a 1060-nm superluminescent diode OCT device and found axial length to be the most important determinant of choroidal thickness. On the contrary, the association between axial length and choroidal thickness could not be demonstrated in two recent studies using high-penetration OCT in healthy Japanese subjects 28 and Cirrus HD-OCT (Zeiss) in Japanese subjects with high myopia, 30 even if a negative correlation was found in the former study.
Although subfoveal choroidal thicknesses did not correlate with IOP, multiple regression analysis revealed a negative association between the two only when age was excluded from the equation. Although our results did not agree with the lack of association reported by Cristini et al., 9 they are in agreement with other reports.
10,12 IOP did not correlate (Pearson correlation) and was not associated (linear regression analyses) with any of the measurements in normal subjects; IOP correlated only with nasal choroidal thickness in subjects with glaucoma. We are unable to postulate the clinical correlate of this finding.
The results of the present study should be interpreted acknowledging some limitations. First, the sample size was relatively small, particularly for normal subjects. Despite the small sample size, the 95% confidence intervals suggest that any true differences are smaller than the pooled within-group standard devia-FIGURE 3. Graph of mean subfoveal, nasal, and temporal choroidal thickness in normal subjects and subjects with mild, moderate, and severe glaucoma. The choroid tended to be thicker in severe glaucoma, but the comparison between groups was not statistically significant. Values are in micrometers. * Normal means differ slightly from those of Table 2 because of adjustments with different groupings of glaucomatous eyes.
† Overall P value between groups. ‡ Confidence intervals of differences between normal and severe glaucoma. § Pooled within-groups residual standard deviations.
tions. In other words, differences between groups, if they existed, were small compared with differences within groups. Second, the current operating software of Spectralis OCT does not provide automatic segmentation of the choroid. Manual segmentation might introduce some inaccuracy. However, every effort was made to be as accurate as possible, using methodologies identical to those of other studies of choroidal thickness measurements made with the Spectralis OCT. 23, 31 The excellent correlation between and within observers in the present study suggests that the measurements were, at least, extremely reproducible. It is our hope that software to automatically segment the choroid will be made available in the near future.
To conclude, choroidal thickness does not seem to differ between normal, NTG, and POAG subjects based on EDI OCT measurements, suggesting a lack of association not only between choroidal thickness and glaucoma but also with glaucoma severity. However, there is a significant relationship between choroidal thickness and age and axial length.
